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ABSTRACT: Ambient exchangeable ammonium concentrations in freshwater sediments are generally consider­
ably greater than those reported for marine sediments. Laboratory measurements indicate that competition for 
cation exchange sites by ions in seawater is a factor responsible for the lower exchangeable ammonium concentra­
tions in marine sediments. Exchangeable ammonium concentrations were 5- to 6-fold higher when river and 
estuarine sediments were incubated with fresh water relative to the same sediments incubated with salt water (%o 
= 25). A model was developed to explore the implications for benthic nitrogen cycling of this salinity effect on 
exchangeable ammonium concentrations. Ammonium diffusion, exchangeable and dissolved ammonium concen­
trations, and nitrification rates were components of the model formulation. The model output suggests that higher 
exchangeable ammonium concentrations predicted in fresh water relative to marine sediments can markedly increase 
the fraction of the ammonium produced in sediments that is nitrified (and subsequently denitrified). These results 
are consistent with field and experimental laboratory data which indicate that a larger percentage of net ammonium 
production in aerobic freshwater sediments is nitrified and denitrified (80-100%) relative to marine sediments (40-
60%). 

Introduction 
Sediments are an important site for organic mat­

ter decomposition in both freshwater (Hargrave 
1 973) and marine systems (Nixon 1981 ). In coastal 
marine systems substantial amounts of ammonium 
are released from sediments as a result of organic 
matter decomposition, providing an important 
source of nitrogen for phytoplankton production 
(Nixon 1981; Boynton et al. 1 982). In contrast, 
ammonium released from aerobic freshwater sed­
iments is often negligible (Mortimer 1971; Gard­
ner et al. 1 987), although considerable amounts of 
organic matter are decomposed. The literature on 
denitrification in freshwater and marine systems 
indicates that a larger percentage of the ammo-
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nium produced during the mineralization of or­
ganic N in freshwater sediments is lost from the 
ecosystem as N2 as a result of more efficient nitri­
fication, and subsequent denitrification, of am­
monium compared to marine sediments (Gardner 
et al. 1 987; Seitzinger 1 988a). The mechanism(s) 
responsible for the higher efficiency of nitrification 
in freshwater sediments is not known. Recent ex­
perimental measurements in this laboratory of the 
salinity effect on ammonium fluxes from both 
freshwater and marine sediments showed that 
"steady state" ammonia fluxes were lower with 
fresh water flowing over sediments than with salt 
water flowing over the same sediments (Gardner 
et al. 1991 ). These results suggest that some factor 
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related directly to salinity is regulating ammonium 
fluxes and nitrification (and denitrification) rates. 

Ammonium concentrations are a major factor 
controlling nitrification rates in aerobic aquatic 
sediments (Jones and Hood 1980; Henriksen and 
Kemp 1988). We suggest that mean residence times 
and concentrations (dissolved plus exchangeable) 
of ammonium should be lower in marine sediments 
relative to freshwater sediments, for the same rate 
of ammonium production, resulting in lower ni­
trification rates. Lower exchangeable ammonium 
concentrations in marine sediments are predicted 
because of competition for exchange sites by the 
high cation content of seawater and by ion pairing 
of dissolved ammonium. Theoretically, the amount 
of exchangeable ammonium in sediments is a func­
tion of a number of factors including the ammo­
nium concentration in solution, the ammonium ion 
activity, as well as the concentration and activity 
of other exchangeable cations (Berner 1976). 

In the present study, we (1) empirically examine 
the effect of salinity on the amount of exchange­
able ammonium in aquatic sediments and (2) de­
velop a model to explore the effect that such dif­
ferences might have on ammonium concentrations 
(dissolved and exchangeable), nitrification rates, 
and the efficiency of nitrification and denitrifica­
tion in freshwater and marine sediments. 

Methods 
The surface sediment (ca. 3 em) was collected in 

September 1988 from the Barnegat Bay estuary 
(New Jersey) and the nearby Toms River, which is 
the major freshwater riverine input to Barnegat 
Bay. The sediments were collected from Barnegat 
Bay with an Eckman dredge (water depth 1.5 m) 
and from Toms River with hand-held plastic coring 
tubes (water depth 0.1 m). Barnegat Bay is a shal­
low estuary (average depth 1.5 m) located behind 
a series of barrier islands. The bottom waters are 
well oxygenated; salinity at the sediment collection 
site was 23o/oo. Sediments collected from the bay 
were dark brown, silt-day type sediments. Sedi­
ments were collected from the Toms River above 
any saltwater intrusion and upstream from the 
drinking water intake for the town of Toms River. 
The sediments were silty-sand and contained some 
visible pieces of decomposing leaf litter. 

The amount of exchangeable ammonium in sed­
iments incubated with fresh water was measured 
and compared to the amount in sediments from 
the same location incubated with salt water using 
the following method. Twenty milliliters of ho­
mogenized sediment from the top 3 em of either 
the estuarine or freshwater sediment cores were 
placed in each of six preweighed plastic bottles 

(125 ml). The bottles were loosely capped and 
placed in an oven at 65°C for 24 h to decrease 
biological activity. (Previous experiments had in­
dicated that rapid nitrification and denitrification 
occurred in the bottles if the sediments were not 
heated.) The bottles were centrifuged at 3,000 rpm 
for 5 min and the supernatant water was decanted. 
Three bottles from both locations then received 
30 ml each of artificial freshwater (modified from 
Lehman 1980; Table 1) and three received 30 ml 
of artificial seawater (modified from Parsons et al. 
1984; Table 1; salinity 23o/oo). 

The sediments were resuspended by hand shak­
ing and the bottles were then placed on a shaker 
table in the dark at 23°C. The water in each bottle 
was changed daily for 5 d with either fresh or salt 
water after centrifuging the bottles and decanting 
the overlying water. On the fifth day, the sediments 
were equilibrated for 24 h (continuous shaking) 
with 30 ml of a 100 ~M NH4Cl solution prepared 
with either fresh or salt water. The sediments were 
centrifuged and the ammonium concentration in 
the supernatant water was measured (Solorzano 
1969). The bottles were weighed after decanting 
so that initial ammonium concentration and vol­
ume of water remaining in the sediments could be 
calculated. The sediments were treated with 30 ml 
of 2 N KCl solution, shaken for 24 h, and then 
centrifuged. The ammonium concentration was 
measured in the supernatant. Sediment dry weight 
was determined for each bottle and the exchange­
able ammonium concentration was calculated based 
on the difference in the amount of ammonium in 
solution initially and after extraction with KCI. 

The Model 
A model of nitrogen cycling in aerobic surface 

sediments was developed to explore the effect that 
decreasing exchangeable ammonium concentra­
tions, as caused by salinity changes, might have on 
the end products of nitrogen mineralization. Mod­
el components were dissolved and exchangeable 
ammonium concentrations, nitrification rates, and 
fluxes of ammonium and of nitrate plus N2 across 
the sediment-water interface. The boundaries of 
the model were the sediment-water interface and 
0.5 em below the interface. This zone was consid­
ered to be aerobic and thus the zone in which ni­
trification, which requires 0 2, would occur. The 
depth of this aerobic layer in nature generally rang­
es from a few millimeters to a centimeter or so in 
depth (Revsbech et al. 1980, 1986). Ammonium 
enters this zone of nitrification (z) either by dif­
fusion from ammonium produced below this layer 
or by production within z; the sum of these is termed 
ammonium production (P) and is assumed to be 



constant. The model further assumes that there is 
no net ammonium assimilation into organic matter 
and that net sediment accumulation is slow relative 
to the mineralization processes modelled. 

The flux of ammonium across the sediment-wa­
ter interface (F) is modelled according to Fick's 
First Law of Diffusion as 

(1) 

where D. is the diffusion coefficient for ammonium 
which includes the effects of tortuosity but not ad­
sorption (Berner 1976), and is equal to 4.8 x 1 o-6 

cm-2 s- 1 (Krom and Berner 1980). The term dNd/ 
dz is the concentration gradient over depth (z) of 
ammonium in the interstitial water. The concen­
tration gradient which determines the flux of am­
monium is the interstitial water concentration gra­
dient, as the flux does not depend on the amount 
of sorbed species (Duursma and Hoede }967). In 
the model, depth (Z) is defined as negative; there­
fore a positive flux is defined as a flux out of the 
sediments into the overlying water. 

The nitrification rate (C) is a function of the 
average total ammonium concentration in the zone 
of nitrification (z). The total ammonium concen­
tration is defined as the sum of the interstitial dis­
solved ammonium concentration (Nd) and the ex­
changeable ammonium concentration (NJ. The 
ammonium concentration in the overlying water 
is assumed to be negligible so that the average total 
concentration can be approximated as one half of 
(dNd + dNJ. The nitrification rate, then, is defined 
as 

c = Q X 0.5 X (dNd + dNJ (2) 

where Q is a constant relating the nitrification rate 
to the dissolved plus exchangeable ammonium con­
centration. The validity of this assumption is ad­
dressed in the discussion. The value of Q was set 
equal to 8.3 x I0-6 cm- 1 s- 1, in part because it 
gives a reasonable fit of the model output with the 
field data. 

The exchangeable ammonium concentration (NJ 
is defined by the thermodynamic equilibrium con­
stant (K) and by the interstitial ammonium con­
centration (NJ as (Berner 1976): 

(3) 

The activity coefficient of ammonium was consid­
ered to be 1 for purposes of calculation. Therefore, 
the model did not consider the effect of anion com­
position and concentration on ion pairing of dis­
solved ammonium, although this could further 
enhance the salinity effect on exchangeable am­
monium concentrations and nitrification rates by 
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decreasing the residence time and concentration 
of ammonium in the oxic layer. The value of Nd 
is calculated at steady state (i.e., when dN~dt = 
0) from the following equation 

dNd/dt = P - C - F - Y (4) 

where P is the production of ammonium in the 
sediments, C is the nitrification rate (Eq. 2), F is 
the flux of ammonium out of the sediments (Eq. 
1), and Y is the net flux of ammonium from the 
dissolved to the exchangeable pool, which is as­
sumed to be rapid relative to the diffusive flux of 
ammonium. The value of Y is derived from the 
above equations as 

Y = 0.5Nd - (0.5 (Nd + Nx))/(K + 1) (5) 

For purposes of calculation the ammonium pro­
duction rate is set equal to 300 #~-mol m-2 h- 1 (8.3 
x I0-6 #~-mol cm-2 s- 1), a typical summer value for 
coastal sediments (Nixon 1981), and sediment po­
rosity is 50%. Model runs were made with K values 
ranging from 0 to 10. This range was chosen be­
cause K values of 1-2 have been reported for coast­
al marine sediments (Rosenfeld 1979). The ratios 
of exchangeable to dissolved ammonium calculat­
ed for freshwater and marine sediments from lit­
erature data (Fig. 1 top) suggest that freshwater K 
values might generally be 4 or 5 times greater than 
values for marine sediments (which would put them 
at about 8 to 1 0). It should be noted that the ratios 
calculated in Fig. 1a are not actually K values; K 
values could not generally be calculated from those 
data as sediment porosities were not given in many 
of the studies summarized there. The model was 
developed using STELLA software (High Perfor­
mance Systems, Lyme, New Hampshire); results 
discussed below are for steady state conditions. 

The effect of increasing values of K on dissolved 
and exchangeable ammonium concentrations, ni­
trification rates, and fluxes of ammonium and of 
nitrate plus N2 across the sediment-water interface 
were explored for three situations: (1) no nitrifi­
cation, (2) nitrification of only dissolved ammoni­
um, and (3) nitrification of dissolved and exchange­
able ammonium. The model calculates the sum of 
nitrate plus N2 fluxes as the reduction of nitrate 
to N2 by denitrification was not specifically mod­
elled. A large percentage of nitrate produced in 
sediments is denitrified as shown by 15N isotope 
studies of nitrification-denitrification coupling 
(Jenkins and Kemp 1984) and as indicated by com­
parisons of benthic fluxes of nitrate with denitri­
fication rates (Seitzinger 1987). In the current 
model it is therefore assumed that most of the ni­
trate produced is denitrified. 
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Fig. 1. (top) Ratio of exchangeable ammonium (mg N kg- 1 

dry sediment) to dissolved ammonium (mg N 1-1 pore water) 
in a variety of freshwater and marine sediments. Note that these 
ratios are not equivalent to K values; porosity data were not 
reported for many sites and thus K values could not be calcu­
lated. (bottom) Exchangeable ammonium concentrations (mg 
N kg- 1 dry sediment). Data sources: (1-6) Bay Quinte, summer 
data 0-2 em and 2-4 em depths, Liao and Lean 1978; (7-12) 
Lake Michigan, six sites, Chen et al. 1983; (13-20) lakes Tom­
ahawk, Devils, Crystal, Trout, Little John, Mendota, Monona, 
and Wingra, Keeney et al. 1970; (21-22) Long Island Sound 
and (23-24) Florida Bay, Rosenfeld 1979; (25) Narragansett 
Bay, Garber 1982; (26-36) 11 sites Danish coast, assumed dry 
sediment density 2.5 g cm-5 , Blackburn and Henriksen 1983. 

Results 
Both river and estuarine sediments had higher 

exchangeable ammonium concentrations when in­
cubated with fresh water than when incubated with 
seawater (Fig. 2). Exchangeable ammonium con­
centrations were 3 to 6.5 times greater in sediments 
incubated with fresh water than in the same sedi­
ments incubated with salt water. 

Different model scenarios were run to provide 
insight into the potential effect of decreasing ex­
changeable ammonium concentrations due to sa­
linity on dissolved and exchangeable ammonium 
concentrations, nitrification rates, and sediment-

0.5 

h 0.4 FRESHWATER SEAWATER 
c: 
CD 
E 
'0 

CD 0.3 ., 
~ 
+ 
~ 0.2 
z 
0 
E 
:t 0.1 

0 

2.5 

I 
? 2 
c: 
CD 
E 
'0 

CD 1.5 ., 
~ 
+ 

""" :I: z 
0 
E 
:t 0.6 

0 

Fig. 2. Exchangeable ammonium concentrations in sedi­
ments preincubated for 5 d with either artificial freshwater 
(three replicates) or artificial seawater (three replicates) and 
then equilibrated with a 100 I'M ammonium chloride solution. 
Sediments from (top) Toms River and (bottom) Barnegat Bay. 
Units: !'mol NH4+ per g dry sediment. 

water fluxes of ammonium and nitrate plus N2• In 
the first case where there is no nitrification (C = 
0), exchangeable ammonium concentrations in­
crease linearly from 0 to 4.3 ~mol cm-5 dry sedi­
ment as a function of K (0 to 10) (Fig. 3 top) and 
dissolved ammonium concentrations remain con­
stant at 0.43 ~mol cm-5 pore water. (The absolute 
values of these concentrations and fluxes are, of 
course, a function of the ammonium production 
rate and coefficient values used. However, the 
model-calculated values are presented for compar­
ison of the relative magnitudes of the rates and 
concentrations under the different scenarios.) 

With nitrification of only dissolved ammonium, 
the exchangeable ammonium concentrations in­
crease linearly from 0 to 3 ~mol cm-5 dry sediment 
as a function of K (Fig. 3 top). Dissolved ammo­
nium concentrations remain constant, 0.30 ~mol 
cm-5 pore water (Fig. 3 top). The nitrification rate 
(2.5 ~mol cm-2 s- 1) and the flux of ammonium (5.8 
~mol cm-2 s- 1) also remain constant. 

Including nitrification of dissolved and ex-
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Fig. 3. Model calculation of dissolved (ltmol em-• pore wa­
ter) and exchangeable (ltmol em-• dry sediment) ammonium vs. 
K, the ammonium equilibrium constant (top) in the absence of 
nitrification (-- -) or with nitrification of only dissolved am­
monium (--) and (bottom) with nitrification of dissolved and 
exchangeable ammonium. 

changeable ammonium results in a nonlinear in­
crease in exchangeable ammonium concentrations 
from 0 to 0. 7 5 1-Lmol em-s and a nonlinear decrease 
in dissolved ammonium concentrations from 0.30 
to 0.07 1-Lmol em-s as a function of K values from 
0 to 10 (Fig. 3b). Ammonium fluxes decrease and 
N2 plus No,- fluxes increase as the value of K 
increases (Fig. 4). The absolute values of these rates 
are somewhat affected by the value used for Q; 
however, changing the value of Q does not change 
the general patterns, which are the primary con­
cern here. 

Discussion 
A number of factors can influence nitrification 

rates (Henriksen and Kemp 1988) and potentially 
could be responsible for the differences in nitrifi­
cation efficiencies in freshwater and marine sedi­
ments. Oxygen saturation values are higher in 
fresh water than salt water and could theoretically 
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Fig. 4. Model calculation of percent of benthic N flux that 
is ammonium or N, plus NO,-, as a function of the ammonium 
equilibrium constant, K. 

result in more oxygen for nitrification in fresh­
water sediments. However, oxygen saturation val­
ues are only about 15% higher in fresh water than 
saltwater (23%o, 20°C; Weiss 1970), and thus, prob­
ably are not responsible for the magnitude of the 
differences in nitrification efficiencies observed. 
The pH optimum for nitrification is between 7 and 
8. 5 (Focht and Verstraete 1977), which is similar 
to the pH range expected in surface sediments in 
saltwater environments. Thus, it is unlikely that 
pH accounts for the lower nitrification efficiencies 
in saltwater sediments. Nitrification rates by estu­
arine bacteria acclimated to a range of salinity (0 
to 35%o) were similar (Helder and DeVries 1983). 
Sulfide inhibits nitrification (Srna and Baggaley 
1975; Yoshida 1967) and sulfide concentrations 
are expected to be higher in saltwater sediments 
than in freshwater sediments due to higher sulfate 
concentrations in seawater, and therefore, higher 
sulfate reduction rates. However, the relatively high 
sulfide concentrations required to inhibit nitrifi­
cation are not likely to be present in the aerobic 
surface sediments where nitrification occurs. The 
effect of sulfide on nitrification warrants further 
investigation. Nitrification rates are a function of 
ammonium concentrations and generally follow 
Michaelis-Menten type kinetics with Km v~Jues typ­
ically ranging from 70 1-LM to 700 1-LM (Henriksen 
and Kemp 1988). The experimental measurements 
and model output reported here, as well as liter­
ature data, support our hypothesis that total am­
monium concentrations are higher in freshwater 
sediments than marine sediments, and thus, may 
be responsible for higher nitrification efficiencies 
in freshwater sediments. 

Data from the literature indicate that exchange­
able ammonium concentrations in freshwater sed­
iments are generally higher than they are in marine 
sediments (Fig. 1 bottom). The ratio of exchange-
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TABLE 1. Cation composition of artificial fresh water (AFW) 
and salt water (ASW) used for incubating sediments to examine 
the effect of salinity (cation exchange) on exchangeable am­
monium concentrations in sediments. 

Concentration, ~M 

Ion AFW ASW 

Na+ 232 308,000 
Mg++ 82 20,300 
K+ 8,100 
Ca++ 139 1,300 

able ammonium (mg N kg- 1 dry sediment) to dis­
solved ammonium concentrations (mg N 1-1 pore 
water) is also generally higher in freshwater sedi­
ments (Fig. 1a). A number offactors can influence 
the amount of exchangeable ammonium in sedi­
ments, and thus could be responsible for the pat­
tern observed here. Exchangeable ammonium con­
centrations increase linearly with increasing 
dissolved ammonium concentration in aquatic sed­
iments (Keeney et al. 1970; Rosenfeld 1979). The 
relative concentration of exchangeable, N<x>• and 
dissolved, N<d>• ammonium in sediments is referred 
to as the thermodynamic equilibrium constant, K: 

K = N<x/N<d>· (6) 
Factors that affect K include sediment porosity, 

clay mineral structure, and organic matter content 
(Berner 1976). In addition, the value of K depends 
on the concentration and activities of other cations 
in solution which compete with NH4 +for exchange 
sites (Berner 1976). The cation concentration of 
fresh water is hundreds of times less than that of 
seawater (Table 1) and would be expected to result 
in generally higher exchangeable ammonium con­
centrations and higher ratios of exchangeable to 
dissolved ammonium concentrations in freshwater 
relative to marine sediments. The effect of ionic 
strength on interstitial and sorbed ammonium con­
centrations was noted along a transect in the Po­
tomac River estuary (Simon and Kennedy 1987). 
However, calculation of the quantitative effect of 
salinity on K or on the exchangeable ammonium 
concentrations is difficult considering the complex 
interactions of numerous cations in seawater and 
the variation in the clay mineral structure and or­
ganic content (Boatman and Murray 1982). 

We directly measured the difference in ex­
changeable ammonium in sediments equilibrated 
with freshwater and with sea water (23o/oo). Both 
river and estuarine sediments had higher ex­
changeable ammonium concentrations when in­
cubated with fresh water (Fig. 2). Three to 6.5 
times more exchangeable ammonium was mea­
sured in sediments incubated with fresh water than 
in sediments from the same location incubated with 

salt water. This salinity effect supports the overall 
pattern of higher exchangeable ammonium con­
centrations and higher ratios of exchangeable to 
dissolved ammonium in freshwater compared to 
marine sediments (Fig. 1 top) found from field data. 

The biological implications of this physical/ 
chemical effect of salinity on exchangeable am­
monium concentrations was explored using the 
model presented above. In the simplest case where 
there is no nitrification (C = 0), the dissolved am­
monium concentrations are not affected by K (Fig. 
3 top). Therefore, the flux of ammonium out of 
the sediments, which is a function of the dissolved 
ammonium concentration, remains constant and 
equal to the production of ammonium (P = F). This 
scenario might be considered to represent lakes or 
estuaries with anoxic bottom water. 

If only dissolved ammonium is assumed to be 
nitrified, the exchangeable ammonium concentra­
tions increase linearly as a function of K, as in case 
1 (Fig. 3 top). However, the exchangeable concen­
trations are lower than in case 1, because dissolved 
ammonium concentrations are lower, due to ni­
trification. Dissolved ammonium concentrations are 
not affected by K values. Therefore, the nitrifica­
tion rate and the flux of ammonium, which are 
only dependent on the dissolved ammonium con­
centration, are not affected by the value of K. It 
follows that the percent composition of the benthic 
N flux remains constant (70% NH4+, 30% N2 + 
NOs-) asK increases. 

When both dissolved and exchangeable ammo­
nium are assumed to be available for nitrification, 
there is a marked affect of K on the relative pro­
portions of the end products of N mineralization 
in the sediments. The model output shows am­
monium fluxes decreasing nonlinearly and N2 plus 
NOs- fluxes increasing nonlinearly as the value of 
K increases (Fig. 4). Dissolved ammonium concen­
trations decrease from 0.30 ~mol em-s to 0.07 ~mol 
em-s and exchangeable ammonium concentra­
tions increase, but only to 0. 75 ~mol em-s (Fig. 3 
bottom). Note the difference in scale between Fig. 
3 top and Fig. 3 bottom. The low dissolved am­
monium concentrations at high K values result in 
small diffusive fluxes of ammonium out of the sed­
iments (Fig. 4). However, nitrification rates in­
crease at high K values, even though dissolved am­
monium concentrations are low, because total 
ammonium concentrations (dissolved plus ex­
changeable) are higher. The percent contribution 
of the ammonium fluxes decreases nonlinearly from 
approximately 50% to 15% of the total nitrogen 
flux from the sediments (Fig. 4). Fluxes of N2 plus 
NOs- increased from 50% to 85% of the total ni­
trogen flux (Fig. 4). 

Previous studies of nitrification in aquatic sedi-



ments generally have assumed that only dissolved 
ammonium was available for nitrification; ex­
changeable ammonium availability has not been 
examined (Jones and Hood 1980; Henriksen and 
Kemp 1988). However, studies in other systems 
indicate that exchangeable ammonium is available 
to nitrifying bacteria. For example, 15N isotope 
studies in soils demonstrated that exchangeable 
ammonium is available to nitrifiers (Jansson 1958). 
In dry forest soils ammonium (which presumably 
is mainly sorbed to exchange sites) is very efficiently 
nitrified (e.g., Matson and Vitousek 1987). In ad­
dition, nitrifying bacteria are generally associated 
with particles and thus in direct contact with the 
loosely sorbed, exchangeable ammonium (Khol­
debarin and Oertli 1977). These results suggest 
that both dissolved and exchangeable ammonium 
are available for nitrification. The inclusion in the 
model of nitrification of both dissolved and ex­
changeable ammonium (Fig. 4) reproduces the pat­
tern observed in the field (Fig. 5) of higher nitri­
fication and denitrification efficiencies in freshwater 
compared to coastal marine sediments. The rela­
tive amounts of ammonium, nitrate plus nitrite, 
and N2 released from freshwater sediments (lakes 
and rivers) differ from coastal marine sediments as 
suggested from a review of data from aquatic sys­
tems (Seitzinger 1988a). The primary difference 
appears to be the percentage of the ammonium 
that is nitrified. In many freshwater systems with 
aerobic bottom water, essentially all (80-100%) of 
the net ammonium produced in the sediments is 
nitrified and subsequently denitrified (Fig. 5). This 
contrasts with coastal marine sediments with aer­
obic bottom waters where only a portion (40-60%) 
of the ammonium produced is nitrified and deni­
trified (Fig. 5). The tight coupling between nitri­
fication and denitrification in the sediments results 
in denitrification of most of the nitrate produced 
(Jenkins and Kemp 1984). 

The experimental measurements of the salinity 
effect on exchangeable ammonium concentrations 
(Fig. 2), the model output of nitrification efficien­
cies as a function of exchangeable ammonium con­
centrations (Figs. 3 and 4), as well as experimental 
measurements of the salinity effect on sediment­
water ammonium fluxes (Gardner et al. 1991) sup­
port our hypothesis that the lower efficiency of 
nitrification, and subsequent denitrification, of am­
monium in coastal marine sediments is due, at least 
in part, to competition for exchange sites on par­
ticles by the high cation concentration of seawater. 
In addition to this cation effect, anions in seawater 
would probably form nonpolar ion pairs with am­
monium and thereby decrease sorption of ammo­
nium on exchange sites (Gardner et al. 1991 ). The 
relative importance of these two phenomena can 
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Fig. 5. Percent of sediment-water nitrogen flux that is N2 

(denitrification) in various freshwater and marine systems. Data 
from Andersen 1971, 1977 (Kvind so); Gardner et al. 1987 
(Lake Michigan); Seitzinger 1987 (Ochlockonee Bay); Seitzing­
er et al. 1984 (Narragansett Bay); Billen 1978 (North Sea); 
Henriksen and Kemp 1988 (Patuxent); Kaspar et al. 1985 (New 
Zealand coastal sediments); Seitzinger 1988b (Delaware River); 
Seitzinger 1988a (Potomac River, Lake Ernest, Lake Lacawac, 
Delaware Bay, Tejo Estuary). 

not be easily differentiated. Studies are now need­
ed to (1) examine directly the relative availability 
of exchangeable and dissolved ammonium to ni­
trifying bacteria in aquatic sediments, (2) examine 
experimentally the effect of exchangeable ammo­
nium concentrations on the relative amounts of 
ammonium, nitrate, and N2 released from the sed­
iments, and (3) explore the implications of these 
findings for nitrogen dynamics in freshwater versus 
marine ecosystems. 

ACKNOWLEDGMENTS 

I. E. Pilling and S. Faurot collected sediments from the field 
sites. This work was supported in part with funds from NOAA/ 
Sea Grant and Environmental Associates. 

LITERATURE CITED 

ANDERSEN,]. M. 1971. Nitrogen and phosphorus budgets and 
the role of sediments in six shallow Danish lakes. Archive for 
Hydrobiologie 74:528-550. 

ANDERSEN, J. M. 1977. Rates of denitrification of undisturbed 
sediment from six lakes as a function of nitrate concentration, 
oxygen, and temperature. Archive fur Hydrobiologie 80:147-
159. 

BERNER, R. A. 1976. Inclusion of adsorption in the modelling 
of early diagenesis. Earth and Planetary Science Letters 29:333-
340. 

BILLEN, G. 1978. A budget of nitrogen recycling in North Sea 
sediments off the Belgian Coast. Estuarine and Coastal Marine 
Science 7:127-146. 

BLACKBURN, T. H. AND K. HENRIKSEN. 1983. Nitrogen cycling 
in different types of sediments from Danish waters. Limnology 
and Oceanography 28:477-493. 

BOATMAN, C. D. AND j. W. MURRAY. 1982. Modelling ex­
changeable NH. + adsorption in marine sediments: Process 
and controls of adsorption. Limnology and Oceanography 27: 
99-110. 

BOYNTON, W. R., W. M. KEMP, AND C. W. KEEFE. 1982. A 
comparative analysis of nutrients and other factors influenc-



174 s. P. Seitzlnger et al. 

ing estuarine phytoplankton production, p. 69-90. In V. S. 
Kennedy (ed.), Estuarine Comparisons. Academic Press, New 
York. 

CHEN, R. L., D. R. KEENEY, AND T. H. MciNTOSH. 1983. The 
role of sediments in the nitrogen budget of lower Green Bay, 
Lake Michigan. journal of Great Lakes Research 9:23-31. 

DUURSMA, E. K. AND C. HoEDE. 1967. Theoretical, experi­
mental and field studies concerning molecular diffusion of 
radioisotopes in sediments and suspended solid particles of 
the sea. Netherlands Journal of Sea Research 3:423-457. 

FOCHT, D. D. AND W. VERSTRAETE. 1977. Biochemical ecology 
of nitrification and denitrification. Advances in Microbiological 
Ecology 1:135-214. 

GARBER, J. H. 1982. '"N-tracer and other laboratory studies 
of nitrogen remineralization in sediments and waters from 
Narragansett Bay, Rhode Island. Ph.D. Dissertation, Uni­
versity of Rhode Island, Kingston. 276 p. 

GARDNER, W. S., R. F. NALEPA, AND j. M. MALCZYK. 1987. 
Nitrogen mineralization and denitrification in Lake Michigan 
sediments. Limnology and Oceanography 32:1226-1238. 

GARDNER, W. S., S. P. SEITZINGER, ANDj. M. MALCZYK. 1991. 
The effects of sea salts on the forms of nitrogen released from 
estuarine and freshwater sediments: Does ion pairing affect 
ammonium flux? Estuaries 14:157-166. 

HARGRAVE, B. T. 1973. Coupling carbon flow through some 
pelagic and benthic communities. journal of the Fisheries Re­
search Board of Canada 30:1317-1326. 

HELDER, W. AND R. T. P. DEVRIES. 1983. Estuarine nitrite 
maxima and nitrifying bacteria (Ems-Dollard Estuary). Neth­
erlands journal of Sea Research 17:1-18. 

HENRIKSEN, K. AND W. M. KEMP. 1988. Nitrification in estu­
arine and coastal marine sediments: Methods, patterns and 
regulating factors, p. 207-249. In J. Sorensen, T. H. Black­
burn, and T. Rosswall (eds.), Nitrogen Cycling in Coastal 
Marine Environments. Proceedings of the SCOPE Sympo­
sium 33. Wiley-Interscience, New York. 

JANSSON, S. L. 1958. Tracer studies in nitrogen transformation 
in soil with special attention to mineralization relationships. 
Annals of the Royal Agricultural College of Sweden 24:101-112. 

jENKINS, M. C. AND W. M. KEMP. 1984. The coupling of ni­
trification and denitrification in two estuarine sediments. Lim­
nology and Oceanography 29:609-619. 

joNES, R. D. AND M.A. HooD. 1980. Effects of temperature, 
pH, salinity, and inorganic nitrogen on the rate of ammonium 
oxidation by nitrifiers isolated from wetland environments. 
Microbial Ecology 6:339-347. 

KASPAR, H. F., R. A. AsHER, AND I. C. BoYER. 1985. Microbial 
nitrogen transformations in sediments and inorganic nitro­
gen fluxes across the sediment/water interface on the South 
Island west coast, New Zealand. Estuarine, Coastal and Shelf 
Science 21:245-255. 

KEENEY, D. R.,J. G. KONRAD, AND G. CHESTERS. 1970. Nitro­
gen distribution in some Wisconsin Lake sediments. journal 
of the Water Pollution Control Federation 42:341-492. 

KHOLDEBARIN, B. ANDj. j. 0ERTLI. 1977. Effect of suspended 
particles and their sizes on nitrification in surface water. jour­
nal of the Water Pollution Control Federation 49:1693-1697. 

KROM, M. D. AND R. A. BERNER. 1980. The diffusion coeffi­
cients of sulfate, ammonium, and phosphate ions in anoxic 
marine sediments. Limnology and Oceanography 25:327-337. 

LEHMAN,]. T. 1980. Release and cycling of nutrients between 
planktonic algae and herbivores. Limnology and Oceanography 
25:620-632. 

LIAO, C. F.-H. AND D. R. S. LEAN. 1978. Seasonal changes in 
nitrogen compartments of lakes under different loading con­
ditions. journal of the Fisheries Research Board of Canada 35: 
1095-llOl. 

MORTIMER, C. H. 1971. Chemical exchanges between sedi­
ments and water in the Great Lakes-Speculation on prob­
able regulatory mechanisms. Limnology and Oceanography 16: 
387-404. 

MATSON, P. AND P. VITOUSEK. 1987. Cross-system comparisons 
of soil nitrogen transformations and nitrous oxide flux in 
tropical forest ecosystems. Global Biogeochemical Cycles l: 163-
170. 

NIXON, S. W. 1981. Remineralization and nutrient cycling in 
coastal marine ecosystems, p. 111-138. In B. J. Neilson and 
L. E. Cronin (eds.), Estuaries and Nutrients. Humana Press, 
Clifton, New Jersey. 

PARSONS, T. R., M. TAKAHASNI, AND B. HARGRAVE. 1984. Bi­
ological Oceanographic Processes. Pergamon Press, New 
York. 330 p. 

REVSBECH, N. P., B. MADSEN, AND B. B. joRGENSEN. 1986. Ox­
ygen production and consumption in sediments determined 
at high spatial resolution by computer simulation of oxygen 
microelectrode data. Limnology and Oceanography 31:293-304. 

REVSBECH, N. P., J. SoRENSEN, T. H. BLACKBURN, AND J. P. 
LOMHOLT. 1980. Distribution of oxygen in marine sediments 
measured with microelectrodes. Limnology and Oceanography 
25:403-411. 

ROSENFELD, J. K. 1979. Ammonium adsorption in nearshore 
anoxic sediments. Limnology and Oceanography 24:356-364. 

SEITZINGER, S. P. 1987. Nitrogen biogeochemistry in an un­
polluted estuary: The importance of benthic denitrification. 
Marine Ecology Progress Series 41:177-186. 

SEITZINGER, S. P. l988a. Denitrification in freshwater and 
coastal marine ecosystems: Ecological and geochemical sig­
nificance. Limnology and Oceanography 33:702-724. 

SEITZINGER, S. P. l988b. Benthic nutrient cycling and oxygen 
consumption in the Delaware estuary, p. 132-147. InS. K. 
Majumdar, E. W. Miller, and L. E. Sage (eds.), Ecology and 
Restoration of the Delaware River Basin. The Pennsylvania 
Academy of Science, Easton. 

SEITZINGER, S. P., S. W. NIXON, AND M. E. Q. PILSON. 1984. 
Denitrification and nitrous oxide production in a coastal ma­
rine ecosystem. Limnology and Oceanography 29:73-83. 

SIMON, N. S. AND M. M. KENNEDY. 1987. The distribution of 
nitrogen species and adsorption of ammonium in sediments 
from the tidal Potomac River and Estuary. Estuarine, Coastal 
and Shelf Science 25: ll-26. 

SoLORZANO, L. 1969. Determination of ammonia in natural 
waters by the phenylhypochlorite method. Limnology and 
Oceanography 14:799-801. 

SRNA, R. F. AND A. BAGGALEY. 1975. Kinetic responses of 
perturbed marine nitrification systems. journal of the Water 
Pollution Control Federation 47:472-486. 

WEISS, R. F. 1970. The solubility of nitrogen, oxygen and 
argon in water and seawater. Deep-Sea Research 17:721-735. 

YoSHIDA, Y. 1967. Studies of the marine nitrifying bacteria, 
with special reference to characteristics and nitrite formation 
of marine nitrite formers. Bulletin of Misaki Kenkyu Hokuku 
Maizuru II :2-58. 

Received for consideration, March 19, 1990 
Accepted for publication, October 30, 1990 

I 




